
AD- A 261 355. J OENA NO. 070M.0 '4GE

0"" f #An"Mwt a"ou"M0P80"Mrt Aedut~of Py Ot C 07044 is". WooAu~ofm. oc lS03.
REPORT DATE |3. REPORT TYPE AND DATES COVERED

12/93 FINAL 10/1/90-11/30/91
4. TintL AND SUBTITLE S. FUNDING NUMBERS

Wind-driven Coastal Generation of Annual Mesoscale
Eddy Activity in the California Current N0001491J1278

6. AUTHOR(S)

Alejandro Pares-Sierra, Warren B. White, C-K Tai

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of California, San Diego REPORT NUMBER

Scripps Institution of Oceanography
La Jolla, CA 92093-0230

9. SPONSORING /MONITORING AGENCY NAME(S) AND A 10. SPONSORING/MONITORING
AGENCY REPORT NUMBEROffice of Naval Research

800 North Quincy Street M

Arlington, VA 22217-5000

11. SUPPL.EMENTARY NOTES

Manuscript entitled " Wind driven coastal generation of annual meso-
scale eddy activity in California Current".Prepared in co-operation

12a. DISTRIBUTION /AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Published in J. Physical Oceanography 1993.

13. ABSTRACT (Maximum 200 words) X NU.16J.IKE41 ,

ABSTRACT a

Two candidate sources for the generation of mesoscale eddy activity in the California Current are
local baroclinic instability and/or the wind stress adjacent to the coast. The latter constitutes remote forcing
with eddy activity propagating westward from the coast into California Current via Rossby wave dynamics.
In this study, two wind-driven models are utilized to test the relative significance of these two sources. One
is an eddy resolving quasigeostrophic (QG) model, with the ability to represent baroclinic instability but
not the coastal response to winds. The other is a I 1/2-layer primitive equation (PE) model with the ability
to represent the coastal response to winds but not baroclinic instability. Both models have the same spatial
grid (i.e.. approximately 20 kin) and are driven by the same coarse-grid wind stress forcing fields over the
same one year time period (i.e. January 1987 to December 1987). The PE. model is able to simulate
qualitatively this distribution of the eddy variance as it appears in altimetric sea level, yielding significant
coherence and phrase between model and observed sea-level residuals along longitude/time matrices at 30*N
arid 40'N. The QG model on the other hand, is found incapable of simulating the main features of this
distribution of eddy variance.

14. SUBJECT TERMS 15. NUMBER OF PAGES

Coastal circulation, California Current 12 pp
' 16. PRICE CODE

17. SECURITY CLASSIFICATION II. SECURITY CLASSIFICATION 1B. SECURITY CLASSIFICATION 20. LMITATION OF ABSTRACTOF IPEPORT OF THIS PAGE OF AlIITRACTunclassified unclassified unclassified SAR

NSN 7540-01-120-5500 Standard form 298 (Rev. 2-89)
Or,,Iq w• h NIJ 1I4 zM.tg1



F4.J

Wind-driven Coastal Generation of Annual Mesoscuie
Eddy Activity in the California Current

ALEJANDRO PARES-SIERRA* WARREN B. WHITE " AD C_-K TA:*

'Cenifo de InrwoitCenriai£ ivnp S9,PCYw' .1,r Lnu~naaj

(.Msnucnpt tecei~ed '6 S c-ptern :991, in firs!~ fofm '~ ,!a

ABSTRACT
Two cadidat~e Sources for the gentratior. of mesoecte eddy ectivty in 0:r Ca forznýa Cýt~rztn wtsea

barocjinit itistabibty azd/cio the wind stt~as adjacezt to the coast. Thr latter cozsti.t:.t :strte t
With Viddim, p1Opag&LiAg -Watwad f~ozmn the Coast into the C 1ilor '& C~mt auor as erc

In this Study, two wind d~eivez Models are utltised to tast the relative *aiulficazct of thin.e Iwo so-i;,rte ~et
an eddy resolying quasi- geostrapbic (Q.G) viv,,eI. which has the abiLity to represwent bcn tt
but not the coasta rteponia to winds, an-d the other a -1.11 laye priprutivt eqato (FE) rmodv, v.icl
has the ability to represent %he coastaIJ rapotse to vizds but not bazcliic ia-.*bdity. Both m-c-4cls ita's
the saMe #patiA~l grid (i.e., a;)P-O~irn~tateY 20 kim) and are driven by the samne aurse-gri4 cezd *-twes rorc~zg
f~ieds over the %ame one year time period (i I ., N*OVcMbt 1916 to October III'), ILS. per-io c...c..n betCAuse
of the av~uiblity Of Gtotat ajtiinetic Se. lecvel ohs. t-"ios with which to verify these mod.elaL Lkfjt:,
W-hit. et al. (1990) azalysed these same Ct;.metric tea level obcieryatioms, fizding doruazi mos ioaca.e eddy
activity occur-ring on waveleng-h Scales of 4M$.00 km arid period "Itls of 6-*2 inoz-ba, propaga,.mg to the
want &t 725 cza/sic, faster at lower latitude, governed by Rosahy wave dyzwnicsa We fizd iz itas stAy
tha~t the PE model is &ble to sti=ulatt quxlitaiviely this distribution of the eddy variance as it appt&an Mn
almtrirnt sea, level, yielding significant tobtrence and phase between mot;del and observed Sea level miuaiis~i
along longitude/tiine rtatrices at 30.PN and 41VN. The Q-G model, On the other bazd, is founid incApable
of simulating even the qualitative distribution or eddy variance. The reason for tbir agmmezio b~etween the
PE model and the satellite altirnetiric sca level observations is that the dominant s-ource of mesoscaiC toey
activity on these time and space scalea is the wind forcing a~djaent to the coast, modified by b~oth Rosaa'y
and Kelvin wave dyza~rnics.

1. Introduction xas dificult to sludN %4Ith he C ALCOFl h'.drogr-a;ih

Mesoscale eddy activity in the California Current obs_.-r\ations because of lack of 3dC~u;jte 1iMe 'st (
system has been examined repeatedly over the %,ears unsthtw ld low nivda cdc tb1966 Benstin e al 197: Smpsn ~ tracked oter space-time. The advent of satelliteci olý(e~g., WIlie 1966.on madetei petil al 107:ti Siiet' etth suf
al. 1984; Reinecker et al. 1987) using both in situ and catosmdpsibeasn lu I-ofh ura 1% N

L satellite observations. The study of eddy activity in the edtimel. ofoneetdfr~ek n otsa
California Current began with the analysis of in situ Tnsetcdat-i n-e zffmi urrlwsa
hydrographic data collected during a sequence of Trnenedyatit heClonaCuen s
CALCOFI crvises beginning in 1950. with eddies and first studied usi ng _AVHRR obser'ations b, Bernsici %,
fronts embedded in the California Current repeatedly el al. ( 19771), finding transient mesoscale eddy, act'% ki

obsrve ovr aperodof many years. In long-term in the Caltfornia Current tio have originated .;n near-. m o
obsevedove a erio frm C LCFI. coastal wkaters. This obser-'ation %%as follotted h\ Ow~en
monthly~~~ ~~ m ndyaihegtap(1980) who examined mesoscale eddy a3c1tivit in the

Wyllie (1966) de'monstraited the existence of semiper- Californiia Current'rrom a artyof in .situ and .satelflte
manent eddies in the California Current off Pointsmiemntedisaoitd
Conception and adjacent to Punta Eugenia. Hick-ey be'tos vdn

197) lte deontraedtheexsteceof sm wit-h, coastal and bath\ metric irrc~uloritc e. h
197) lterdemnsratd te eistnc ofa smipr- semipermanent eddy off Point Conception), and ;ran-

manent eddy west of Monterey in these same data.
Prior to satellite observations, transient eddy activity setedc soitdwt idcct daett

the coast. A thorough hydrographic study of one spe-
________cific transient eddy ohscrvecd in satellite data was con-

Ml Orrcprunding iazwhir caddreTs: Alejandro Puares-Sierra. Scnpps In- ducted by Simpson et al. ( 1984). in which its origin
stiituuon o(Oceanogp~hy. A-02 1. University orC1alfornia, 9S Glman was examined in the light of theories ofictopgraphic
Drive. Ua Jolla. CA 920913-022 1. generation and baroclinic instability. This cddv t--as
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found to have coastal undercurrent water at its ,enter. it to be dominatrd b., C! , rotsfig horn thr c..

suggesting its origin at the coast. These satehite studies crn btxundar'. ,rar-zed onJ ht;rh ... :.1n I t
began to suggest that transient mesoscale edd'. a-niIN shoved ýeZr "lha, , f:. 4aNt- Ut! . i ie.a• Lt
in the California Current had its origin in the near coast can be a s)ur~r !or Rot,, ý,.,\c fvtr the -hfioi

coastal region, propagating westward from there into aIstern Pacific 'The t ¢noc uscJ in ý'•., , .IUJ, dkx-t
the current. not ha'e the c:apactittecný ao fi ntit

A sequence of localized intensive hdrographic sur- (being a one-laý'.cr cl m and hci-e. ,touid nozt •cs
veys in a small subregion of the California Current the Importance of this contnbuicbn to !hc Ovc!ti1 cddx
region was conducted (called OPTOMA ) in order to energ. budget of the region Momrmece•t studis ýc gC
study the behavior of mesoscale eddy actisNI in the Auad et aLr 1991 ) haze shoran that for the QG mrodel
current (e.g., Robinson et al. 1986; Reinecker et al. in general the contribution to the 'dd., ýant.iitt in
1987). The high-resolution data of the OPTOMA ex. the California Current region from the wund-.ut1 ..-
periment was inserted by Reinecker et al. (1987) into Ing is o•ershaJov, cd bý the contnbution from hato-
a quasigeostrophic numerical model, performing dy- clinic insabilhty.
namical interpolation and providing forecasts of the Therefore, two sources for the generaiun of me..o-
eddy evolution in the survey region. They found these scale edd' acti•it. in the California Current are h,-
mesoscale eddies tracking westward through the subre- pothesized: i.e.. local barochnic ins:ablitý of the main
gion at Rossby wave speeds. Based on an analysis of current and remote generation of edd, actir it-. I- :he
the energy budget. they found that forcing by the curl wind stress adjacent to the coast. the latter propagatng
of the wind stress. as well as baroclinic instabilitt pro, west%,ard into (and through ) the Califori•a Curent
cesses, were essential for understanding the evolution .ia Rossb. Aa~e d'namics. To test these hpcthe•,cs.
of the observed eddies in the current. This work had tyo numencal modeis are uý.&ied One modeCl S..Fh,
little to say about the origin of these eddies, focusig la.,,e. edd resol' ng and quasiestrophic {.
rather on their modification by the local Aind-stress the abilitý to represent harc-linic inoiiliO.t -,bat not
curl and the background current. the coastal response to winds The other model is a

Mesoscale eddy activity over the entire California I i:.layer primitive equation (PE), %,ith the abiit\. to
Current region was examined by White et al. (1990). represent the coastal response to ,inds but not barmo-
based upon altimetric sea-level observations from the clinic instability. Both numerical mode!s ha, e a similar
Geosat Exact Repeat Mission (ERM) over the one- spatial gnd (i.e.. approximately 20 kin) and are dri.en
year period from January 1987 to December 1987. by the same coarse-gnd wkind stre: forcing fields over
Analysis of sea-level residuals from the long-term mean the same one-year time penod (ie.. Januarm I(J87 to
permitted a visualization of the space-time evolution December 1987). Each model attempts to pro'ide a
of the mesoscale eddy activity over the entire region realistic simulation of the mesocale eddy activity in
not previously possible. The rms differences of the al. the California Current. These model resulhs are then
timetric sea level about the mean showed maximum compared ,ith those obwerxed during the last \ear o1
eddy activity at three principal locations adjacent to the Geosat ERM (White et al. 1990), testing the edd%
the coast of California- that is. off Punta Eugenia at generation mechanism isolated in each mode). Of
27*N. southwest of Point Conception at 32°N. and course, each of these models (QG and PE) include
adjacent to the coast between Monterey and Cape "'more physics" than just baroctinic instabilit\ and local
Mendocino. Time-longitude plots demonstrated wind forcing at the coast. Hoever. as argued below.
coastal mesoscale eddy activity propagating westward for the California Current area and for the realistic
into and through the California Current. wind used. those two mechanisms dominate the re-

Numerical models are powerful tools in the inves- sponse of the QG and PE model. respecti'.elv.
tigation of mesoscale eddy generation and dynamics.
A good example of this is given by Holland and Lin 2. Geosas altimetric sea-leiel residuals in the
(1975ab) and Holland (1978). who used both quasi- California current
geostrophic (QG) and primitive equation (PE) models Geosat altimetric sea-level residuals in the California
in studying the role of mesoscale eddies in the general Current region for the period January 1987 to Deccm-
circulation of the ocean. Holland established that me- her 1987 are used in this study in a comparison with
soscale eddies spontaneously arise from instabilities in the model-generated mesoscale eddy activity. A com-
the mean ocean currents and are subsequently con- plete description of the Gcosat Exact Repeat Mission
trolled by nonlinear Rossby wave dynamics. Recently. (ERM) in this region is gi',cn by White ct al. ( 1990):
numerical models have developed the capability for in this study. only a brief account of the ERM and the
conducting realistic simulations that allow this and extensive preproccssing of the raw data is gi'.cn. This
other hypotheses to be tested. A particularly relevant is followed by a discussion of the rms of the intra-
modeling study of the variability of the eastern Pacific annual variability about the 1987 mean. taken from
is the one done by Cummins et al. (1986) using a sim- White et al. (1990).
plified one-layer QG model. They analyzed the simu- The Geosat ERM has a 17-day repeat orhit cycle
Jated Rossby wave field in the eastern Pacific and found and a longitudinal track separation of approximately



).47 degrees. Along the ground track. one-second a- "' d K(

erageS of altimetriC sea-levýel measurements are formed
with a spatial resolution of approximatcl,, 6 17 jm. The (
grid resulting from the superposition of all the ascend-
ing and descending orbits in the California Curmnt -

region is shown in Fig. I. A oneosear period (from
January 1987 to December 1987) is available for use ' ,'
in this study. previously analyzed by White et al. A.

(1990). Preprocessing of the altimetric sca-lev el ob,- J,
servations begins with an application of the en'iron-bV
mental corrections supplied with the raw obscr% ations. .--- \, - i*-',

Next, to remove the geoid and residual orbit error. the A ~--
track mean is subtracted from each individual obser- ~ (-\~
vation, producing altimetric seai-level residuals, and the Z.~A_--

resulting residuals are detrended along each track, A
Gaussian filter is then applied to the alongtrack alti-
metric sea-level residuals. suppressing the variance of -i-. -5c. - . .'~.~

wavelengths less than 50 km, This latter procedure is Fic; Z
cenducted as a quality control exercise to suppress alieti sc it% aKu zh cie,~ enfo~ ~.;
white noise assumed to be of instrumental origin. Fi- Decn'crmv i9v'
nally. the alongtrack data is decimated at 25-km in-
terals. Only the filtered /decimated altimetric sea-Ie'el
residuals along ascending tracks are used ir, this study. from Monterex to Cape %1crndocino, Amihcr 1(kaI:l

These filtered /decimated altimetric sea-level resid- maximum occurs southvcsi of Point Conceptiln near
uals are mapped onto a regular 0.5' lati tude- longitude 32* N. 120' W. -Ahere frequent mcw.scale cdd% acoi'ity
grid (White et al. 1990) over the California Current ieh SuerCafonaEdIksoedrpel
region every 17 days over the one-year period of in- ey(eig..th Siuthern Cta~lrr 1986) A third notal rnait.u
terest. The subsequent spatial distribtion of rrns dif- occur~g.s impw wsonta of PunAth ueird locrl maximumfeecsaout the one-year occur isct diestye of PuFig.er vhr fcunferecesau canis dsplyedin ig.mesascale eddy activit% %xas also noted earlier fe g.
2. Overall, maximum rmisvariability is confined to the Wyllie !966). M %ost importantly with regards to this
coastal ocean in three different latitude locations. A study are the extensions of these rms variabdivit rnaý-
latitude maximum occurs adjacent to the coast of iatwr h et ugsigwswr rpgto
Northern California from 370 N to 400 N. extending of metoswardte weddy sugestin frmwesewr aprparenIt son

regii.ns. each extending from the coast o)ut int ihe

CALIFORNIA CURRENT REGION California Current itself.

50AT,14 . 3. Primitiwe equation model of the California current

x/ ~ /'/The 1t/: layer PE model used in this stud,. is de-
/ -scribed in detail by Pares-Sierra and 0OBrien ( 10 ~9)

~ / It consists of one d% namically active la~cr of constant
X*i~ / ~~'/ /density p and ~aibedepth if over an infinlitely deep

40 ~ X. r// CtM,.OA lower layer of higher density o + .1p, The model do-
X / , main extends from 20o*-50'N and from the coast of< -. North America to 150*W. The eastern boundarv of

K f / Ythe model doma~n realistically follows the geometryý of
~ ~ /the eastern North Pacific coastline. The northern.

30, /%x\Y /(i ~ \ southern, and western boundaries are open. wý-ih a
X,~ // //,~ Sommerfeld radiation condition cg.Camerlengo and

O'Brien 1980) imooscd there. Thc spatial resolution
~ V /~i~// ,~ ~ over this model domain is approximatlyi 201 km in

',' f / / ~ i Iboth the zonal and meridional directions. The cqua-
20,j ~ tions of the model arc

14O~~w (30. 1201 (3 U L , I I t.a I . )Is a
FiG. 1. Distribution of the ascending and descending tracks from -1 + -I-I + - I-I - (-. in~

the GEOSAT Exact Repeat Mission. Each track was separaied from a~ _acosO O4t IHI a p iiJ(/
adjacent tracks by approximately 140 km: each track was repeatcd -K, )hi:2
every 17 day (or thse or-yearperiod (January t9"7-Decembet 1991) - - -±IV!of this study. 2 oI



004

a V + 1 43 / V) + 1 V distribution from the PE rni_,ci o.'cr ifi
at a -os ao H a i-I +.(2l in Current region tis dip~a, rd In tný

the eastern limb Of 1ht sutifo!, i!ý
,-g PFI dnven bv the mean 1jrge-u:iie icn_ .

a4 -- curt over the North Pacific 'The
c3H I (3U( 1 . 0 ]constitutes this portion of' the

+ r Co a [ ao 1,cs) 0 California Current. fountJ it)o 25or

where 8 and 0i are the latitude and longitude, respec- nears northern Mex.ico (i~e.. Baia Caffo-tu , ( 0,
tively; ULand V are the transports in the east-vest and coast of California. the current ~,is.%cl! !'i !-
north-south directions, respectively: H is the depth of the coastal twa,,eguidc b) a ttoug.h in ye cl !;
the upper laver-,g' is reduced gravity, -r*and 7 "are the curs 100-200 km offshore Inshore ,vi -,
wind-siress components: A Is the eddy viscosity coef- increase of sea level towatrd the ýoisi
ficient; and a is the radius of the earth. The values of
the parameters are given in appendix A. wEAN MWVE ECA'ýCh

Earlier. Pares-Sierra and O'Brien ( 1989) had forced ~
this model with realistic monthl'. mean wi nd stress (i-c,.
computed from the COADS su'rface wind observ~ation ý1
set), to simulate the interannual variability of the Cal-
ifornia Current. The pattern of the average circulation
in the North Pacific derived from the 1t/ 2 la-,er PE % '

model was demonstrated to be similar to that observed. - '

Moreoiver. upper-laver seasonal and interannual ,ari- A",Z\
ability in the model was demonstrated to be similar to '

that observed at a number of coastal sea level stations ~~ "

(Pares-Sierra and O'Brien 1989). At that time, Pares-
Sierra and O'Brien ( 1989) found most or the seasonal
variability in the model origi nati ng at or near the coast.(
Subsequent off-shore propagation of this coastal van- i
ability appeared to provide for significant mesoscale
eddy activity in the California Current (Pares-Sierra
1991 ). This supported the earlier suggestion by Nlysak
( 1983) that annual fluctuations at the eastern boundary
were responsible for most of the mesoiscale eddy actix Itv 35 'Ur Qt'n- -

in the interior ocean.
In the present study, the Fleect Numerical Oceano-

graphic Center IFNOC) Surface Wind Analyses are-
used to compute synoptic wind-stress estimates for 5,, zw-v O;"-

driving the PE model over the period coincident with
the Geosat ERM. The synoptic FN'OC wind-stress es-
timates have a resolution of two degrees in the merid- 45.,

ional and zonal directions, and of one day in time'.
these estimates are interpolated down onto the 10 kin- 4C4

20 minute space-.time grid, upon which the model 'is L
integrated. The model integration is conducted in three
stages: the model is driven from rest for 10 years with 05'"5

the annual mean wind-stress estimates: then. the mode D

is driven for another ten years with the long-term mean C
annual cycle of the wind stress: finally, the model is
driven for ten years from 1978 to 1987 with the syn-

oicwn-stress estimates. Model results from the final V

year (i.e.. January 1987-December 1987) are com-
pared with the Geosat altimetric sea-level observations.

Earlier, Pares-Sierra and O'Brien ( 1989) demon- LO0 w G0w 125 OJ
strated that the large-scale features of the California
Current at the sea surface can be simulated in quali- FIG. 3.Uprictrtflt) Spt)ia~l disifnhuimn n I ht: tn,.n lll

tative fashion with a wind-driven reduced gravit, I i/h fthcns m)ohanc fo th 19117-jn rnh I~ f~, rF

layer PE model. This is demonstrated in the upper Spatial distribution or ihe tins rcsiduak(t~ i~n) c PI, in,

panel of Fig. 3, where the mean upper-laver thickness IeN cl fro the onc-vcjit oeriodK Jlin ujr' 'I O 7 tmK r X

G%12-i n--n --- "4.



presence of a coastal countercurrent. sometimes called role of baroclinic instabial as a mechanism for gen-
the Davidson Current. The Davidcsn Current is stron- crating mesoscale cdd% aci,,it' in the (alhforria "Cur-
gest in winter along the northe! n portion of the Cali- rent. Details orthe ph. sics oft hi~s rnodel can te foijnd
fornia coast. The California Current is seen to be %ell in Holland ( 1978). and dcujssiuon of simiiri•,ic and
separated from the coast of California: hence, the two differences between muhtila,6cr QG and PE modc!5 ;s
sources of mesoscale eddc acti~itý to be examined in conducted in Holland ( 1985. N86() The .jrne mcdel
this study (i.e., baroclinic instability and coastal wind is used bN Auad ei al. 1 1991 ) to stud) the circulation
generation) are also seen to be separated geographically, and energetics of the eastern Pacific from the point of

In the PE model, the location of maximum van. view of QG dynamics. The equations of the mcdel are
ability in response to synoptic FNOC wind-stress forc- DQ V
ing is not in the California Current itself but in the - ( , + ,.,, .
waveguide adjacent to the coast of Califoraia. This can 0' P(,-- Ai -

be seen in the lower panel of Fig. 3. where the spatial where
distribution of the rms of sea-level residuals is dis-
played. Overall, the maximum rms variabilit. is con- ,
fined to the coastal ocean in two different latitude lo- 2, =" .÷ + - ,:) -

cations. A latitude maximum occurs adjacent to the
coast of Northern California from 37° to 40 0 N. cx- is the QG potential iornicit) for the 4. th la'.er (S 4 .
tending from Monterey to Cape Mendocino. very sim- 8). Here V x 7 is the wind-stress curl. A, is the reference
ilarto that observed in Fig. 2. Another local maximum density of the fluid. Ili is the k th laser thickne.s-: 6,
occurs southwest of Point Conception. where intense is a Kronecker delta..4-t is the lateral fnution coefficent.
variability is observed in the local wind-stress field east ý, is the total streamfunction for the k th l)aer.. is the
of the Channel Islands. These areas of enhanced me- bottom friction coetficient. f. and .3 are the Coriolis
soscale variability coincide with those found b\ Cum- parameter and its meridional gradient. rcspecticioel.
mins et al. (1986). Most important are the extensions taken at the model central latitude i, = 33 N: I'x. •I
of the two rns variability maxima in Fig. 3 toward the is the bottom topography. The total derati, e operator
southwest, consistent with that observed in Fig. 2 and, is DIDt - d/at + J(ý,., ( )). where the last term is
again. suggestive of westward propagation from the the Jacobian operator. The h,. symbol represents
coast into the California Current located in the offshore the vertical displacement of the (k -- u/: tth interface.
region. which can be regardc'- as an isop~cnal surface:

This rms distribution is the result of an annual pat- f
tern of upwelling and downwelling associated with the hi , -1')
annual north-south reversal of the wind stress along
the coast. Superimposed on this are the upwelling/ where g., is the reduced gravity corresponding to
downwelling events associated with synoptic changes the (k -+- V:)th interface. An im portant characteristic
in wind-stress forcing: these synoptic events, however, of this model, in regard to the present study, is the
are generally much smaller than those associated with form that the boundary condition takes in terms of the
the annual cycle of wind-stress variability. The latter primary field V. The boundarv condition imposed it
results from a deepening (weakening) of the semiper- the lateral boundaries is that of no normal flow, that
manent continental thermal low over California during is.
spring-summer (autumn-winier), which generates
strong northwesterly (weak northwesterly) wind stress n. V = 0- = const at the boundars:
parallel to the coast. Strong northwesterly wind stress in particular, the depth of the upper layer (11 :r €'
is upwelling favorable, represented in the PE model by - P3) is constant along the boundary (but a function
a reduction in the depth of the upper layer. Weak ofStime)(Holland 1978). The method for soking these
northwesterly wind stress along the southern part of equations has been given in many papers (e.g.. Holland
the domain, and a reversal of the direction of the wind 1978: Cummins and Mysak 1988, Holland and Vallis
stress in the vicinity of Cape Mendocino. during au- 1990).
tumn-winter weakens the upwelling pattern. This is This QG model extends over the same domain as
interspersed with regions of coastal downwelling. Sea- the PE model (i.e.. 20"-50'N, coast of North America-
sonal coastal variability is strongest in the vicinity of 150*W). with approximately the same spacc-timc grid
Cape Mendocino, where an actual seasonal wind-stress resolution and with eight layers in the vertical.
reversal is present, with a secondary maximum occur- Many earlier studies using this QG model concen-
ring southwest of Point Conception. trate upon simulating mesoscale eddy activity in the

very energetic western boundary currents (e g. Schmitz4. Eddy-resoling quasigeostrophic model ofthe and Holland 1986). In the study ofthe California Cur-
california current rent. a different set of model parameters is chosen, re-

A quasigeostrophic (QG) eddy-resolving model quiring the model to simulate eastern boundary current
(Holland and Vallis 1990) is used to investigate the variability with much greater vertical resolution in the

ft jý
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upper 500 nt of ocean and with less densir'. c, 'ýrast mwifAN A 5 'C'"-

between layers. The model parameters used inthis
study are given in appendix B. The reduced gra'.ay i>
estimates are based on historical CaICOFI h'.drographic
observations taken near the California coast

Integration of this edd>.resolving QO model occurs ~~
in step-wise fashion similar to that used in integrating
the PE model. The mean wind-stress curl used to force
the model is computed from the ENNOC Surface Wind
Analysis extending for nearly 10 years from 19717 to ~
1987, The QO model is integrated from rest using the
annual cycle of monthly mean wind-stress curl until
statistical equilibrium is reached: then the model is
driven through three cycles of the 7-year synoptic wind- ~i~
stress curl. During the last year of this integration (Jan-
uary-December 1987), QO model upper-layer thick- ..

ness estimates

g3,2

are saved for a comparison between those obser'ed
and those from the PE model. Pus CAS;-ýIEZ'SR,-

The spatial distribution of mean upper-layer depth ~
for the January-December period from the eddy-re-
solving QO model is given in the upper panel of Fig.
4. This distribution is qualitatively similar to (hat given 3-m~
in the upper panel of Fig. 3 obtained from the 11t/2
layer PE model, since both maps are determined by
the distribution of the mean wind-stress curl. In each 'o-N.-o
case, the California Current is found to occur _250-750 L
kmn off the coast of California. 0

The spatial distribution of the rms variability in sea 5~ ~43~C~
level from the eddy-resolving QO model is showhn in uD_1
the lower panel of Fig. 4. The QG model presents a E
very diffierent spatial pattern of variability than that of 3o N
the PE model (and of the ohserved data) shown in the
lower panel of Fig. 3. Mosý conspicuous is the absence Ai

of strong variability along the coast, particularly be- 25

tween Monterey and Cape Mendocino. Rather, the
dominant characteristic of the QO model reflected in
the spatial distribution of rms is its ability to sustain 20*m 7 , ~ .- *
baroclinic instability in the mean currents. This is most 1"ý'o
strongly evidenced by the presence of a zonal band of i,4(UpranlSatldsrbuo fihmcr
high rms variability in the southern portion of the thickness (m) obtained from thecedd%-rc'.otvinV QG; rnk-f'+ :,r lh'c
model domain (20o*.25*N). This occurs in the region one-yeair period January t987-Dec'cmhcr 1107, The jtif mý.:n h.n

of westward return flow of the subtropical gyre. where been substracied from the figure, I Lowcr panel) Snjiiji mu'

conditions for baroclinic instability are more favorable ofhmurdalcmofhec'.ski Q2m*c .. k$
than. say, for the California Current (e.g., Lee 1988). for the one-yeair period Januairy l9X-Dccc:mtxr Iý7

Yet, to a lesser degree. baroclinic instability occurs In
the California Cur-rent as %kell. evidenced by an along- kinetic cnergy. Their analysis also '.hrom'd hirok~linitc
shore band of maximum values of the rms differences instability dominating barotropic insaijhthilcs in l
superimposed upon the mean position of the California eddy-generating process. AS pointed out bv \ujd " i it.
Current. Auad et al. ( 1991). using this same model. ( 1991 ). these energy paths reprecrcnt ont'%. ,j'cra1cij
showed the highly energetic eddy fields of the coastal processes. The contention that haroclinic i,n'.tabditN
region (their area 1) to be fed by energy transmitted dominnies barotropic instabilityvor direct %%'.Ind tlorciflI

ft..i the wind into available potential energy of the does not mean that these othcr proccsscs arc hwcnt.
mean flow; subisequently, baroclinic instability pro- Other sources of mesoscalc ,,ariability are(tcotir
cesses transform available potential energy into eddy possible in the QG formulation (and the PE modcl)

64 8 /9 'o 0.
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besides baroclinic instability. Two candidates are rms spatial distribution of the PE model displaus a
barotropic instability and direct wind-stress curl %ari- maximum between Montere. and Cape *lendc•uno.
ability at the eastern boundary. In the study of Cum- similar to that obsersed in both configuration and
mins et al. (1986) the latter mechanism provides all magnitude. Farther to the south, the PE model repro-
the variability in the model. In their work waves can duces the local rms maximum obser'eo southest of
clearly be seen emanating from the eastern boundary Point Conception. Again. a local rms minimum in the
at two principal locations near the coast and propa- California Bight separates the former maximum from
gating southwestwardly toward the far field. Although the coast.
this mechanism of generation is certainly present in The contours of rms variability in the PE model are
the QG model used here, its response is overshadowed concentrated somevhat closer to the coast than with
by the effect of baroclinic instability, as demonstrated the observed altimetric sea level. particularly north of
by Auad et al. ( 1991 ). 35*N. This is probably due to the suppression of vwest-

Another difference between ;the PE and QG model ward propagation of coastal disturbances north of ap-
is the freedom of the former to respond to the irrota- proximately 35"N on period scales less than one year.
tional pan of the winu stress that is precluded a priori that is. to the existence of a critical latitude (McCreary
in the QG model. By decomposing the wind-stress field et al. 1987). In the particular PE model we are using
into an irrotational part and a nondivergent part [i.e.. ( 11/2 layers), coastal variability is not allowed to prop-
r = r1 + r, where V x r = 0 and V. r' = 0, see agate into the California Current north of 350 N. except
Morse and Feshbach ( 1953)), we can quantify the on time scales exceeding one ear. Mesoscale eddy ac-
contribution (not shown)of the irrotational part of the tivity in the model California Current north of 35'N
wind in the PE model. By forcing the PE model with is associated with periods that exceed one , ear in du-
only r' we find that the response in the open ocean is ration. This is only partially true in the obscr•ations.
minimal. At the coast, although an evident seasonal where both longer and shorter period acti-.itw is found
cycle exists, its magnitude is negligible compared to in the California Current north of 35°N. A finer modal
tlhe magnitude of the seasonal cycle produced by the structure in the model is probably needed to simulate
nondivergent part of the wind. this broadened spectral band.

The main dynamical difference between the two The spatial distribution of the rmrs sea-level residuals
models is, however, the filtering ofgravity waves in the from the eddy-resol%ing QG model is shown in Fig.
QG model. As discussed below, this is the decisive fac- 4b. Upon inspection of observed and QG-model spatial
tor explaining the lack of observed mesoscale variability distributions of rms (Fig. 2 and 4b ). the QG model
in the coastal QG model. Moreover, it explains the can be seen to present a very different spatial pattern
inability of the QG model to simulate the observed ofvariability than is observed. Most conspicuously the
radiation of coastal eddy energy into the ocean interior, QG model is unable to simulate the intense variability!
a process that we argue is determinant in the eastern along the coast, particularly between Monterey and
Pacific. Cape Mendocino. Rather. the spatial distribution of

rms variability in the QG model favors the generation
5. Intercomparison between observed and model of variability in the major currents that constitute the

RMS variability subtropical gyre (i.e.. the California Current and the
North Equatorial Current). This is induced by baro-

The characteristic spatial distribution of the rms re- clinic instability processes. This pattern of variability
siduals in altimetric sea level displayed in Fig. 2 are in the observed rms variability is overshadowed by
compared with those of the PE and QG models dis- coastal seasonal variability. Moreover, the magnitude
played in Figs. 3b and 4b. As discussed earlier. maxi- of these rms sea-level residuals in the California Current
mum rms variability in observed altimetric sea level are smaller than those observed. suggesting that local
occurs adjacent to the coast of Northern California baroclinic instability processes in the California Current
from 37"N to 40*N, coincident to the region of max- are dominated by mesoscale eddy activity generated at
imum annual variability ofthe wind stress (e.g.. Nelson the coast.
1977). Southwest of Point Conception, a local maxi-
mum in rms variability exists; a local minimum in the 6. Coherence and phase between The obseried and
rms occurs in the California Bight; and another local model sea leel
maximum occurs adjacent to Punta Eugenia.

To affect the comparison of the spatial distribution Having shown that the PE model is able to simulate
of the two sets. the sea-level residuals from the PE the spatial distribution of the rms sca-lcvel residuals
model are treated to exactly the same preprocessing about the mean. we now examine the model's ability
filters as applied to the altimetric sea-level observations to simulate the phase of the dominant observed sea-
described in section 2. Also, the two datasets are taken level variability. Longitude-time matrices for observed
over exactly the same time period. Upon inspection of and model sea-level residuals are presented at 40'N in
these two spatial distributions, that from the PE ",ridel Fig. 5 and at 30*N in Fig. 6. Each longitude-time ma-
is seen to be qualitatively similar to that observeo. ihe trix extends from the coast of California westward to
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140°W for the one-year period January 1987-Deceni- Both zonal wavenumber-frequency spectra at 40°N
ber 1987. The spectral coherence and phase between display peaks in their spectral energy densit? in the
the two matrices at each latitude are also given. negative waxenumber quadrant near the theoretical

At 40*N, both the observed and model sea-level re- Rossby wave dispersion cure. the latter calculated us-
siduals are dominated by a strong annual cycle (upper ing the [ t12-layer PE model characteristics. This indi-
panels Fig. 5). From November to May. values are cates that most of the energy in both the real and model
positive along the coast, indicating a downwelling re- oceans propagates westward in the form of qtua.,,-linear
gime brought on by strong poleward wind stress. After Rossby waves, with shorter periods adjacent to the coast
May, ,jsitive values propagate westward with negative and longer periods farther offshore.
values developing at the coast. In both matrices, the Squared spectral coherence between the observed
region of positive and negative residuals propagates and model sea-level residual matrices at 40'N (bottom
westward from the coast as the residuals of opposite panel of Fig. 5) is significant, with squared coherence
sign develop at the coast. This process is associated larger than 0.5 for the range 0.0 to 0.03 cyclesidav and
with Rossby wave propagation (Pares-Sierra 1991). -0.5 to -0.17 cycles/degree of longitude. Therefore.
Note, however, in both matrices this westward prop- at 40°N the PE model can explain more than 709, of
agation is arrested at 250-500 km from the coast. as- the variance in that zonal wavenumber-frequency
sociated with a rapid reduction in the magnitude in range. These scales of variability also dominate the
the offshore direction. In the PE model, this is a man- zonal wavenumber-frequency spectra and proide a
ifestation of the Rossby wave critical latitude, where definition in this study for mesoscale eddy activitv.
waves of annual period generated at the coast are Spectral phase indicates that for this range of zonal
trapped near the coast at 40'N. this due to their strong wa.enumbers and periods. v here high coherence exists.
offshore decaying factor at these periods ( McCreary et the model and observed signals are nearly in phase.
al. 1987). From the good qualitative comparison be- At 300N. the ability of the wind-driven PE model
tween these two longitude-time matrices in the coastal to simulate the observed altimetric sea-level residuals
waveguide. we can infer that similar dynamical pro- (top panel in Fig. 6) is basically the same as at 40 0 N
cesses are operating in the observed situation as well (Fig. 5). Significant spectral coherence occurs between
to trap eddy energy in the coastal waveguide. West of the observed and model sea-level residuals over a range
the :oastal waveguide (i.e., in the California Current), of frequencies that include annual and semiannual pe-
both the observed and model longitude-time matrices riods, with a phase difference of less than 45' (i.e., less
display longer period-scale variability required to, es- than 1.5 months). One difference is that at these period
cape the coastal trapping mechanism. The observed scales, westward propagation of signals from the coast
matrix does contain higher-period mesoscale eddy ac- is not arrested by the influence of the critical latitude.
tivity west of the coastal waveguide. but its energy is Moreover, in agreement with linear Rossbyv wave the-
small compared to the longer period activity that has ory, westward propagation of these signals from the
its origins at the coast; its source could be baroclinic coast is faster at 30'N than at 40'N. as characterized
instability or local forcing by the time-varying wind by a larger slope of the positive and negative contours
curl. in both longitude-time matrices in Fig. 5 compared to

Within the longitude-time matrices at 400N, ob- those in Fig. 6.
served mesoscale eddy actia ity displays a wider range
of spatial and temporal scales than in the PE model. 8. Discussion and conclusions
Model sea-level residuals are heavily dominated by the In the Introduction, we hypothesized two sources
annual frequency, with little influence of the higher- for the generation of mesoscale eddy activity in the
frequency variability that is observed. We believe this Calii,,rnia Current. They are local baroclinic instability
to be due to the lack of baroclinic instability in the of the current and/or remote generation of eddy ac-
model, possibly exacerbated by the lack of mesoscale tivity by the wind stress adjacent to the coast. the latter
synoptic wind-stress estimates with which to force the propagating westward into (and through) the California
PE model. The differences in the patterns of spectral Current via Rossby wave dynamics. In this study. two
energy density in the zonal wavenumber-frequency models are utilized to test the relative significance of
domain (not shown)confirm this inability of the model these two sources. One model is eddy resolving and
to simulate the wider bandwidth of spectral response quasigeostrophic (QG). with the ability to represent
to the wind-stress forcing. For the model sea-level re- baroclinic instability hut not the coastal response to
siduals. the spectral energy density is concentrated at winds. '-he other model is a noneddy resolving I I/:-
frequencies lower than about 0.3 cycles/month (i.e.. layer prii.tive equation (PE), with the ability to rep-
corresponding to periods greater than approximately resent the coastal response to winds but not baroclinic
4 months). For the observed sea-level residuals, most instability. Both models have similar spatial grids ie..
of the spectral energy is also below 0.3 cycles/month, approximately 20 kin) and are driven by the same
but above this frequency the spectrum is relatively flat, coarse-grid wind-stress forcing fields over the same one-
with an order of magnitude greater spectral energy year time period (i.e.- January 1987 to December
density than in the PE model. 1987). 1 his period is chosen because ofl the availability
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of Geosat altimetric sea-level observations with which APPENDIX A

to verify the models. Summar% of Reduc-d-Graiity Moh.del Paramntemr
We find in this study that the PE model is able to

simulate qualitatively the observed distribution of the Coefficient of edd.\ ,scosity 350 m
eddy variance as it appears in altimetric sea level. It Drag coetficient 1.5 x lo'
also yields significant coherence and phase between Reduced gravity 0.01 m 5"

initial Upler-laycr depth 200O m
modeled and observed sea-level residuals along longi-
tude-time matrices at 30°N and 40°N. The QG model,
on the other hand, is found incapable of simulating APPENDIX B
the dominant qualitative features of the eddy variance,
The reason for the agreement between the PE model Summary of Quasigeost., hic Model Parameters
and the Geosat altimetric seL-level observations is that
the dominant source of mesoscale eddy activity on Layer thicknesses (m) 100. 150. 250. 450. 650. 900.

these time and space scales is the wind forcing adjacent Reduced gravities 0m5s0) 0. 0

to the coast. Therefore, we conclude that the wind- 0.00o5f1. 0.0028170.
driven coastal generation of mesoscale eddy activity 0.0oo5094. 0.00006908
dominates that of baroclinic instability in the produc- Lateral friction coefficient 200
tion of mesoscale eddy activity in the California Cur- (m s"3)rent .10 Is - 7.943 x 10 "

rt(m. s`) 1.92 x 10"
The more significant difference between the QG Eanh's radius (m) 6.37 x tO'

model and the PE model in relation to this study is
the lack of the necessary degrees of freedom of the
former to sustain gravity waves [i.e.. Poinari and Kel- REFERENCES
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